


ADVANCED TECHNOWGY POR 

MINIMUM WEImT PRESSURE VESSEL SYS- 

If. A. Hamstad, E. S. Jessop and R. H. Toland 

ABSTRACT 

Basses were aade of f i be r l  r e s in  composite mater ia l s  t o  evaluate  t h e i r  

po t en t i a l  i n  lightweight pressure vessels .  An approxiaate 25% weight 

savings over the  stan3ard a l d n u m  boss was achieved without boss f a i l u r e s  

during burs t  tests. Polymer l i n e r s  and metal l i n e r s  are used i n  f i b e r  c e  

pos i te  pressure vesse l s  f o r  containaent of gases. The i n t e rna l  support of 

these l i n e r s  required during the  filament w i d i n g  process has previously 

been provided by d isso lvakle  salt mandrels. Em i n t e r n a l  p r t seur iza t ion  

technique has been developed which allows owruindihg  the  l i n e r  without 

other  means of support m d  without collapse.  An e a r l i e r  study of polymer 

l i n e r s  f o r  f i b e r  composite pressure vesse l s  w a s  tmeucctss<ul In sca l ing  up 

t o  fu l l - sca le  vessels .  Study was nade of ~ e v e z a l  addi t iona l  concepts 

incluaing styrene/Saran, s ty rene / f lex ib le  epoxy and ABS. Use of  these 

mater ia ls  still  did not  produce a successful large-scale polyrer-lined 

vessel.  

Fiiaaent-wound f iber  conqosi te pressure vesse l s  o f f e r  perfornance 

gains and e ign i f i can t  weight savings over conventional metal pressure 

vessels .  K r h  o f  the  tecimology associated with Revlar/epory colnposite 

vesse l s  with metal liners and polymer l i n e r s  has been developed under the 

sponsorship of h'XSA/Lewis Research Center. A3 p a r t  of  tne  FY '76 Lawrence 

Livermore Laboratory e f f o r t  f o r  NASA/LeRC, th ree  advanced technology problems 

were studied: (a) the replacement of a e t a l  bosses by i i g h t e r  weight co* 

pos i t e  bosaes; (b) the  w e  o f  i n t e r n a l  a i r  pressure t o  replace salt mandrels 

a s  support f o r  polymer and th in  metal l i n e r s  during fi lament winding: (c) 

addi t ional  polymer l i n e r  coacepts f o r  t h e i r  s u i t a b i l i t y  i n  large-scale 

vessels.  Thib repor t  d ~ b c u s s e s  the r e s u l t s  of  these s tud ies .  

* 
Wo-k performed under the  j o in t  auspices of NASA/Lewis Research Center, 
Ray Lark, Program Xanager (Interagency Contract No. C-139804) and the  
U. S. Energy Research and Developent Administration (Contract No. 
W-7405-Ecg-48). 



COMPOSITE BOSSES 

A l l  f i b e r  c o g o s i t e  pressure vesse l s  have used metal bossee. These 

have  bee^ i n t e g r a l l y  formed with o r  welded i n t o  the l i n e r  in metal-lined 

vessels ,  and have been d i s c r e t e  in te r fe rence  f i t t i n g  in polymer-lined 

ves se . s  (Pig. la ,b) .  The bosses represent a s i zab l e  percentagr ~f t he  

t o t a l  ve s se l  system ueight ,  espec ia l ly  t he  small-scale vessels .  For a 10- 

-diameter Kevlarlepoxy polymer-lined ves se l  with a t o t a l  weight of 162 

g r a m ,  t he  weight of two alumfnum f i t t i n g s 1  is 19 Srams each. Pitt ir ig8 

made of composite materids were developed pr inc ipa i ly  t o  e f f e c t  a vaight 

savings, but a l s o  t o  b e t t e r  m t c h  thermal expansion c h a r a c t e r i s t i c s  of t he  

boss and the  conposite vesszl .  

Xa te r i a l s  

Three materials were considered f o r  t h i s  appl icat ion:  (a) a spec i a l  

o rder  3-D quart t /phenol ic ;  (b) a commercial grade 2-D g l a s s  cloth/epoxy; 

and (c) 8 m l d e d  choppeti glass/epoxy. Table 1 gives  vendor-type information 

on these  mater ia ls .  

TABLE 1. Materials T?formacion fo r  Ccisposite Bosses 

Molded Chopped 
3-Dquartzphenolic 2-D g l a s s  c lo th i ' epog  -- g la s s  Iepory 

Supplier AVCO Corp. Tormica Corp. U h o w n  
Loirall, PU Cincinnatf,  08 

D c s  ignat ion None given Grade PF-91 
!Nenui Grade G-10) 

1.80 Spec i f ic  Gravity 1.75 "~1.7 

Shear s t rengthf  69-76 MPa -41 MPa 
ipunchingl 

Cost $80/blank <$l/blank 

-14 MPa 

<$l /blank 

Form Rod Thick p l a t e  P a r t i a l l y  formed I 
* 
LLL test of composite bosses, shear  across  flanqe thickness 

Drs ign 

The boeees were machined from the  c a m p s i t e  b l a n k  t o  t he  dimensions 

noted i n  Pig. 2. The Z-axis d i r ec t i on  of the  E D  blank and the through 



thickness d i r ec t i on  o! the  2-D blank were oriented t o  the vesmel po l a r  axis .  

n ree  methods of  p r d s c t n g  threads vere considered: (a) d i r e c t  threading 

of the  c o q o e i t e  matert sl; (b) a threaded aluminum inoert; and (c) a s ta in-  

less steel h e l i c o i l  lrsert epcxied m t o  the threaded caposite. The choice 

of thread wear and s t rength  and pos i t i ve  s ea l i ng  am d ~ i g n  c r i t a r l a  resu l ted  

i n  t he  R=cision t o  use the h e l i c o i l  insert. 

The f i n a l  ~ l n u f a c t u r e d  weight of t h e  composite f i t t i n g  was 14 grams 

as colpared t o  the  a l d n r m  weight of 13 g r a m ,  a 26% weight ~ e d u c t i o n .  

Figures 3a and b show the 3-3 qua r t z lpheml i c  boss 1% a f a i l e d  polymer-lined 

Kevlarlepoxy vessel.  Four 10--diameter Kevlar 49iepory vesse l s  with a 

1.5 ar polymer l i n e r  were m u f a c t u r e d  with t h e  2-D g l a s s  cloth/epoxy bosses. 

Fif teen s imi l a r  vesse l s  with air mandrels and 3-b quartz/phenolic b ~ s s e s  

vere  manufactured. Tne bosses w e r e  bonded with urethane adhesive 8089, 

0.25 m bondline thickness,  and room temperature cured. 

Performance 

Vessels v i t h  t he  3-D quartzlphenol ic  and 2-D g lass  clothlepoxy bosses 

were tes ted  without any f a i l u r e s  i n  the bosses. A maximum pressure of 

35.8 XPa w a s  sustained by the quartzlphenol ic  system, and 19.3 l¶Pa was t he  

maximum pressure seen by t h ?  2-D g l a s s  slothlepoxy system. Fa i lures  vere  i.1 

the hoop windings of t h e  vessels .  The nmlded gZass/epoxy bosses were of 

questionable qua l i ty  and were e l i m i n a ~ e d  fram consideration on the  bas i s  of 

low shear  s t rength  (see Tabla 1) .  

ConcLueioas 

A s ign i f i can t  262 weight savings over a l tminm bosses was achieved with 

composite bosses. A comerc i a l l y  ava i lab le ,  inexpensive n t e r l a l  uas used 

successful ly  i n  t h i s  appl icat ion as vell as a very expensive, SsO/blank 

spec ia l ty  mater ia l .  

No permeation tests w e r e  conducted v i t h  composite bosses. 

A I R  MANDRELS 

The use of a so luble  salt mandrel f o r  i n t e r n a l  support of the polymer- 

l ined  and th in  metal-lined vesse l s  can produce problems qf corrosion. It is 

pcss ib le  t o  avoid t h i s  by usiag i n t e r n a l  air pressure t o  ?rovide the required 



r and re l  support dt~r1r.g fi lasreat u i d i n g .  The neceesary pressures and a 

p r e s s u r i t a t i o d f i b e r  teasion sequence f o r  polymer-lined vesse l s  vere 

developed in this study. 

h c e d u r e  

Prgssvrizarion of t h e  aeodrel w a s  provided by compressed air duct& 

through tne  sp indle  shaf t .  The 1 0 - d i a m e t e r  cy l ind r i ca l  vesse l  was sealed 

a t  t he  f i t t i n g s  with O-ring seals. 'RFO types of polymer liners vere  used as 

air r a d r e l s :  ABS and etyrenelepoxy v i t h  thiclraess of 0.75 0 and 0.50 m, 

respect ively.  'Itro winding p a t t e r n  were used v i t h  the  ABS l i ne r s :  a s i n g l e  

*psttern aud a double pa t te rn .  The pressur iza t ion  sequence of both ABS 

vesse l s  is given in Table 2. Pressure w a s  ra in ta ined  through the curing of 

t he  matrix. A similar procedure w a s  baed with t he  s tyrene  air mandrels. 

TABLE 2. Air Pressurizat ion Sequence f o r  ABS Air Xandrels 

Pressur iza t ion  
Liner L2.1er Windiag Fiber Schedule Composi te 

Xaterial Thickness Pa t t e rn  Tension (!@a) Thickness 

ABS 0.75 mn 2H 4.5 N 0.07 1.8 mm 
2L 0.165 
2L 0.23 
iY 0.30 
2H 0.30 

ABS 

Performance - 
A l l  vesse l s  were successful ly  wound using the  i n t e rna l  pressurizat ion 

procedure. There were no questions about the r e s u l t i n g  l i n e r  i n t e g r i t y  f o r  

the  ABS air mandrels. The vesse l s  wound on the  styrenelepoxy a l l  leaked 

during attempted burs t  t es t ing .  The leakage o r  -red dsz t o  cracks i n  thri 

l i n e r .  One poss ib le  explanation w a s  the  occurrt..ce of micro-buckling in the  

l i n c r  during fabr ica t ion .  Thio explanation could co t  be  proven o r  d isproven. 



co3clw fons - 
The a i r  mandrel olncept appears tc, be a v i ab l e  a l t e r n a t e  t o  an  i a t e r n a l  

so lub le  m n d r e l  i n  composi:e preseure vesse l  fabr tca t lon .  Corrosion p r o b l m  

assoc is ted  wCth the  salt a r e  avoided. 

UPRDVED PGLYKER LINERS 

Previous study of polymer-liiled Kevlar/epoxy p r t s u r e  veesels,'b2 demon- 

s t r a t e d  high performance In s t a t i c  burs t  and cyc l i c  tacigue tests. The 

Ryetens which gave the  high performance were the  subr:ale 10-dissgter 

vessels .  Att-pts t o  s c a l e  up these vesse l s  t o  20-ca- and 38-ctidla~eters 

were uasuccessful because of l i n e r  leakage. Problems associated with lack  of t he  

u n i f o n i t y  of the  la rge  polymer mandrels and with i n su f f i c i en t  s t r a i n  cap- 

a b i l i t y  of scne of  the mater ia l s  were t h e  p r inc ipa l  causes. Varitna r epa i r  

techniques noted i n  Ref. 2 were at teopted.  Ibvever, t h e  systems which 

resu l ted  i n  successful  bu r s t  results st i l l  gave poor cyc l i c  f a t t gue  per- 

formance. In t h i s  study, considers t ion was given t o  addi t iona l  mater ia l  

systems in an e f f o r t  t o  improve the  perfomaxice of large-scale vessels. 

Ntw Concepts 

Three mater ia l  -stems a d  four  design concepts were studied: (a) a 

s tyrene  mandrel with a 0.20 t o  0.28 am coa t  of Sarau; (b) a s tyrene  mandrel 

with a 0.075 t o  0.13 m coat of f l e x i b l e  epoxy; i c )  a one-piece, 0.75 = 
t h i ck  ABS mandrelll iner;  and (dj a joined two-piece, 0.75 m t h i ck  ABS 

mandrelll iner.  A l l  vesse l s  were 1 0 - d i a m e t e r  vesse l s  :onforring t o  t h e  

prevlous study. The styrenelepoxg and two-piece ABS mandrels were a l s o  

used a s  the  e rper inenta l  a i r  mandrels of the  previous sec t ion .  Fiber Science 

was contracted t o  s q p l y  the  ABS mandrels. They rsere not a b l e  t o  f a b r i c a t e  

t h e  one-piece mandrel, s o  t h i s  concept has not been evaluated. 

Perf orrance 

The coated s tyrene  mandrels gave poor performance. Leaks de;eloped i n  

f ~ u r  vesse l s  a t  pressares  less than 10.3 ma. Liner cracks were evident  i n  

t he  tes ted  vessels .  The general qua l i ty  of these mandrels was considered t o  

be  poor. The mandrels seemed t o  possess i n su f f i c i en t  f l e x i b i l i t y  f o r  the 

appl icat ion.  Four addi t iona l  vesse l s  burst  durklg kressur+za t ion  at  

pressures  below 14 'Ma. The f a i l u r e s  were Fn t he  end o r  knuckle regions.  



These f a i l u r z s  may have a r ig ina t ed  clear t he  edge of the  boss f lange o r  a t  

non - sy re t r  i c a l  regions af the  mandrels. 

Seven v e s r e l ~  v i t h  Nc-? l ece  A'6S were manufactured. The f i r s t  tuo used 

a ? ing l e  pa t t e rn  and the  l a s t  f i v e  us& e double pa t te rn .  Both a r e  noted i n  

Thble 2 of t h e  p r e c d i n g  sect ion.  One of the  f i r s t  too vesse ls  was burs t  a t  

15 HPa f a r  a performance f a c t o r  PViV = 0.138 Kllkg. Fa i lu re  was i n  t he  hoop 

winding. The second vesse l  1ee.ked. The cause was thought t o  be poor a l b n -  

ment betveeri the  tvo liner ha!-ves. The double pattern was decided upcr In 

order  t o  i q r o v e  the  ves se l  performance and t o  evaluate  the  l i n e r  a t  higher 

pressures.  The best performing vessel  burs t  in the  hoop windings a t  36.8 Wa  

f o r  a PV/U of 0.23 KT/&. The t o c a l  ve s se l  weight w a s  148 g ; . a ~ ~ ,  of which 

l h e r  and bosses coaprioed 61 gr- (30 g r a m  f o r  the  l i n e r j .  F i g ~ r e  4 shovs 

a bu r s t  ABS l ined  vessel .  

Gonclueions 

Of these new l i n e r  systems considered, only the  ABS l i n e r  produced a 

Ugh p e r f o m c e  vessel .  These l i n e r s ,  h w w e r ,  a r e  heavier than earlier 

polymer liner systems. No permeation o r  f a t i gue  cycling tests were perfomed. 

N o  l a rge r  vesse l s  w e r e  fabr icated.  

Composite bosses are ab le  t o  produce a 7 t o  8% weizht savings f o r  small 

pressure ves se l s  without degrading the  vesse l  burs t  s t renz th .  A 3-D quartz/  

phenolic boes vas s!,ccessfully d e ~ o n s t r a t e d  i n  a vesse l  a t  36.8 HPa pressure.  

A 2-D woven glass/eyoxy boss a l s o  was successful ly  demonstrated. The 3-D 

mater ia l  is very expen3ive while  t he  2-D mater ia l  is a r e a d i l y n v a i l a b l e ,  

inexpensive, commercial grade. S t a in l e s s  s t e l  he1 i c o i l  i n s e r t s  were bonded 

in place t o  provide t h e  necessary f i t t ' m g  thread strength. 

An air mandrel technology was successful ly  demonstrated v i t h  polymer 

l i n e r s .  An i n t e r n a l  p ressur iza t ion  and f i b e r  winding tension sequence was 

developed which dbd not  co l lapse  t he  l iner/mandrel.  This procedure eliminates 

the  corroeion problems associated v i t h  so luble  s a l t  mandrels. 

One new concept f o r  a polymer l h e r  was a l imited success.  A tvo-piece 

ABS l l n e r  with a double pa t t e rn  overwind resu l ted  i n  good vesse l  performance 

x i t t ~ o u t  leakage during p r e s s u r i z a t i o ~ .  No f a t i gue  cycling o r  perneation t e s t s  



verp conducted. Also, the  vesse l  w r s  the 1 0 - c a - d i ~ r t e r  s i ze .  The vendor 

uau not able  t o  sui=celrsfully f ab r i ca t e  a one-piece U S  l i n e r .  Liners of pure 

Paryleac C leak. Styrene mndre l e  were of poor qua l i t y  and not f l e x i b l e  

enough with r e su l t i ng  leakage during pressurizat ion.  A t  the present  t h e  

there is still no proven polymer l i n e r  system with the required l o w  pr-mea- 

b i l i t y  and high f l e x i b i l i t y .  Further,  the thickness necessary t o  obtain 

l i n e r s  which do not  l eak  is three  times as thick as successful  titanium- 

l ined vessels?  Hence, there  are nc signf f i can t  weight savings. Ihe lack 

of :oneistency of the polymer l i n e r s  as leak-free systems a l so  ind ica tes  

t ha t  with present technology they a r e  unrel iable .  Further,  they a r e  of 

l imited w e  s ince  they only prevent permat ion  of N2 gas. Recent f a t i gue  

r e s u l t s  with thir. t i tanium l i n e r s  ind ica tes  t h a t  s u f f i c i e n t  f a t i gue  l j . fe  

can be obtained. Hence, :he =in dr iving force f o r  the polymer l i n e r  has 

been removed. 

The work of Robert G. Pat terson i n  the fabr ica t ion  and t e s t i n g  aspects  

of t h i s  program is acknowledged. 
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1rE.B.  butt weld 

b.051 cm0.005 

(a) Integrai boss and metal 1 iner 

End bossesJ 
(b) Interferences f i ttcd boss i n  polymer- l ined vessel 

Figure 1 lypical boss configurations in metal and polymer lined vessels 



C.125+0.010 dia  
X 0.09+0.01 Dl' 

I ,-4 ~ - 0 . i 1 2 r 0 . 0 1 0  

I 
I -- 0.784+0.016 

I 
c 

Note: dimensions i n  ;riches 
Figure 2 Shop drawirrg o f  composite boss 



fa) Interior side of boss 

( b )  Exterior view of boss 

Figure ?. Three-dimensional qvartz/phenol-ic boss in an ABS-1 ined 
pressure vessel. 



F i  lure 3.  Lbb-1 ined pressure vessel ; double winding pattern; hoop failure 

a t  36.8 MPa. 
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